Central venous catheterization is associated with potential complications secondary to accidental puncture, including venous bleeding and pneumothorax. We developed a system that avoids these complications and simplifies the procedure using a robot to provide puncture assistance. We herein report a puncture experiment conducted in vivo in a porcine to evaluate the manipulator. The right and left jugular veins of a pig were punctured five times each through both opened and unopened skin at a puncture angle and speed. A venous placement rate of 80% was obtained with opened skin. A much lower rate of 40% was obtained with unopened skin. One of five attempts in opened skin was unsuccessful, likely because of the stick-slip phenomenon. This system was effective for jugular venous puncture of opened skin. Future studies should focus on puncture conditions that facilitate needle placement, inhibit the stick-slip phenomenon, and minimize needle bending due to the presence of skin.
Background
Central venous catheterization (CVC) is a technique that involves venous puncture and insertion of a catheter to perform transfusions. CVC is used in a broad spectrum of cases in which the presence of a reliable line close to the heart is essential to administer fluids ranging from highly concentrated nutritional supplements to vasoactive medications. For CVC, the vein is penetrated by a puncture needle with an outer sheath (for example, 18 G, ϕ2.4 mm). The backflow of venous blood is confirmed after puncture to ensure that the needle has been successfully inserted into the vein. The needle is subsequently removed, leaving only the outer sheath in place. The catheter is then inserted into the outer sheath at a predetermined length to reach the target site. Finally, the outer sheath is removed, and the catheter is sutured to the skin and fixed in place. During this series of steps, potential complications include bleeding caused by accidental puncture of an artery running parallel to the vein and pneumothorax caused by accidental puncture of the pleural membrane. In addition, it takes considerable skill to ensure that the needle is inserted completely and that it is stopped at an appropriate point within the vessel. Therefore, our research focuses on puncture procedures for CVC, which is associated with a risk of complications and requires a high skill level. Specifically, the goal of this study is to develop a system that avoids these complications and simplifies the procedure using a robot that provides puncture assistance. We aimed to develop a robotic system to ensure a safer procedure.
Related research
To date, various types of robotic systems that assist needle insertion have been researched, and a number of manipulators and systems that assist puncture have been developed. Fichtinger et al. and Masamune et al. developed a prostate biopsy robot equipped with a function that uses X-ray computed tomography (CT) images to guide the catheter during surgery [1, 2] . Loser et al. developed a needle insertion system in which the needle position is controlled using CT fluoroscopy images [3] . Yanof et al. developed a CT-guided robot for interventional procedures with preoperative and intraoperative planning [4] . Masamune et al. developed a small robotic system in which a magnetic resonance imaging (MRI) machine controls needle orientation in a narrow gantry space [5] . Hashizume et al. developed an MRI-guided surgical robotic system for minimally invasive laparoscopic surgery using a needle insertion manipulator [6] . Krieger et al. developed a remotely actuated manipulator for access to prostate tissue under MRI guidance [7] . Terayama et al. developed a curved multi-tube device that combines a straight needle and a needle with a curved section rather than the conventional straight needle and reported that by pushing out the inner needle with the curved section, it was possible to change the advancement direction of the needle inside the organ [8] . Fichtinger et al. developed a puncture-assist robot with ultrasound guidance for use during procedures involving the prostate gland [9] , whereas Boctor et al. developed a computerassisted radiofrequency ablation (RFA) system that tracks an ultrasound probe supported by a passive mechanical arm when performing RFA using 3D ultrasound images [10] . Bassan et al. designed robotic systems for percutaneous procedures during prostate brachytherapy [11] . The authors of the current paper also developed a robotic system with an integrated ultrasound probe designed for use during needle insertion [12, 13] , as well as a punctureassist robot that supports MRI [14] .
Objectives and scope of this paper
The needle insertion manipulator described in related research were designed to achieve accurate insertion of the needle into the center of tissues such as tumors within an organ. In contrast, with CVC, the tip of the needle should stop inside the blood vessel, which requires a method to detect the direction of blood vessel orientation, and the needle must be inserted at an appropriate angle in relation to that orientation. The diameter of the target vein in this study was approximately 10 mm, which is relatively small in relation to the diameter of the needle used for the puncture (for example, 18 G, ϕ2.4 mm). To ensure successful insertion of the needle into the vein, development of a robot with high positioning accuracy was necessary. Moreover, because CVC is frequently conducted at accident sites and other such locations, the device must be more compact and more convenient than the puncture devices described in previous related research. The device described here is more compact for use in ambulances and is more accurate for use during CVC. For this purpose, we developed a manipulator for ultrasoundguided needle insertion into a vein [15] . The paper focuses on describing only the development of a manipulator and a preliminary laboratory experiment to evaluate the accuracy of the manipulator.
A preliminary laboratory experiment in the previous work [15] focused only on the specification from engineering point of view, for example accuracy of the manipulator with the force-free environment. The further evaluation of the manipulator with the setup close to actual clinical situation is needed before clinical application. Specifically, evaluation using actual living organ is necessary because there are differences in the hardness and cutting properties of blood vessels and muscles between living organ and phantoms. In this point of view, animal studies of the developed manipulator is important issue for the evaluation.
Thus, we herein report a puncture experiment conducted in vivo in a porcine to evaluate the manipulator proposed in our earlier research [15] . Specifically, a robot system was used to puncture the jugular vein, which is typically used for CVC. We evaluated whether needle placement in the vein was possible using this system and identified problems in the robot system that would require improvement.
Methods

Needle insertion manipulator
Puncture was performed using the needle insertion manipulator shown in Figure 1 . It measured approximately 100 × 180 × 60 mm and weighed approximately 700 g. The experimental results indicate an accuracy of 1.0 mm or better, which is considered feasible for venous puncture. The major specifications for the manipulator are shown in Table 1 . A force sensor was installed at the base of the needle so that the reaction force could be measured during puncture. The system detects the entry of the needle into the vein using these reaction force data and has the ability to stop the needle inside the vein. An easily configurable diagnostic ultrasound system viewable in real time was also used as a means of assisting the position based on the force sensor. The manipulator, which included an integral ultrasound probe, was able to position the needle tip at any point on the imaging plane. The positions of the needle tip was calculated based on the angles of each joint of the manipulator measured by encoders attached to the motors via the manipulator kinematics. 
Experimental conditions
After consultation with a surgeon, the porcine was chosen as the experimental species because its blood vessels have physical values (e.g., hardness) and geometric dimensions similar to those of humans. For this experiment, we chose a female domesticated pig weighing 30 kg. The in vivo experiment was conducted with the approval of the Ethics Committee of Kyushu University Hospital. Appropriate care was taken to avoid any psychological or physiological distress on the animal during the experiment.
Puncture site
The jugular vein was chosen as the puncture site because it is one of the veins used as a catheter insertion route during CVC. The jugular veins run up the left and right sides of the neck, and the blood flow from the left side unites with that from the right side to reach the heart via the central veins. For this reason, puncture and catheter insertion into the right jugular vein involves a shorter route from the starting point of catheter insertion to the central veins and thus results in a higher insertion success rate in CVC. We were informed by the surgeon that puncture of the right jugular vein is performed more frequently than puncture of the left in CVC because of this anatomical feature. We therefore chose the right jugular vein as the first candidate puncture site and the left jugular vein as the second candidate puncture site.
Furthermore, because the jugular vein has an approximately 120-mm puncturable length, we were able to perform several punctures in a single vein. However, during routine venous puncture, blood clots can form centrally along the puncture site as a result of the application of external force on the blood vessels, disturbance of blood flow secondary to the effect of the needle, and so forth. These blood clots can grow over time to occlude blood vessels, making puncture difficult. We therefore decided to start at a central puncture site on the jugular vein and gradually shift peripherally, performing five punctures in total. The puncture sites are shown in Figure 2 .
Effects of skin
According to the surgeon, the hardness of human skin can be broadly differentiated. The condition of skin has a major effect on puncture difficulty and an important factor that must be taken into account when performing percutaneous puncture. Porcine skin (approximately 2 mm thick) is similar in thickness to human skin (mean thickness, 1-1.5 mm), but is harder than the skin of an elderly human. In our experiment, it was anticipated that the presence of skin would affect one evaluation parameter: whether the needle had been placed in the vein. We therefore performed punctures under two conditions: with the skin opened beforehand and with the skin left intact. In the former condition, the skin was opened using an electric scalpel with the assistance of the surgeon. Figure 2 presents an expanded view of the opened section of skin.
Experimental procedures and methods
A puncture angle of 15°and a puncture speed of 3 mm/s were chosen. These conditions produced the most marked reduction in reaction force during the puncture of blood vessels in our previous research [16] . Five punctures each were performed on the jugular veins on the left and right sides. The puncture site was shifted from central to peripheral to avoid the effects of blood clots. The experimental process is described below. These data summarize the data in this paper, which were substantiated in an earlier article [15] . elative to the vein and begins to puncture at 3 mm/s. 5. The surgeon judges the moment at which the vein has been entered and stops the needle inside the vein on the basis of the ultrasound images and puncture reaction force data. 6. The surgeon decides whether intravenous placement was successful based on the ultrasound images.
Results
Puncture through opened skin
The arrangement of the venous puncture manipulator and the experimental animal during the experiment are shown in Figure 3 and 4, respectively. An example image captured by the diagnostic ultrasound equipment during puncture is shown in Figure 5 . This image was captured with the diagnostic ultrasound equipment in the B-mode using a sector-scanning ultrasound probe. , it is evident that the needle tip was stopped inside the vein. The needle placement success rate was 80%. In one of the five puncture attempts, the needle was not successfully placed in the vein because the surgeon confirmed a drop in puncture reaction force and stopped the manipulator before the needle had actually entered the vein. 
Puncture through unopened skin
The arrangement of the venous puncture manipulator and the experimental animal during the experiment are shown in Figure 6 and 7, respectively. An example image captured by the diagnostic ultrasound equipment during puncture is shown in Figure 8 . This image was captured in the B-mode using a sector-scanning probe, as in tip was stopped inside the vein. The needle placement success rate was 40%. With the skin left unopened, the needle greatly deforms the skin before breakthrough, and at the same time the needle itself was seen to undergo bending.
Reaction force during needle insertion
Figures 9 and 10 shows the relation between needle displacement and reaction force during the experiments. Figure 9 shows the sample of the reaction force in the puncture through opened skin. Figure 10 shows the sample of the reaction force in the puncture through unopened skin. There are nonlinear increase in force.
Discussion
Needle insertion manipulator
When setting the posture of the manipulator before puncture, in some cases the puncture unit came in contact with the body surface if the angle relative to the body surface was shallow. To prevent interference between the puncture unit and the body, the section to which the needle is attached must be more compact. In some cases, the needle also stopped before the vein because of the insufficient range of motion in the manipulator section responsible for puncture. In humans, the jugular vein is located no more than 10 mm below the skin, whereas in the experimental setup, it was approximately 20 mm below the skin. The venous puncture manipulator used in this experiment was configured on the basis of human anatomy and therefore had an insufficient range of motion, particularly toward the center, where the veins sit more deeply below the skin. It would be possible to overcome this problem in the manipulator configuration by building and using two devices, as appropriate, with a common mechanism: one with a larger range of motion for experiments using pigs, and the other with a more restricted range of motion for use in humans. 
Puncture through opened skin
With the skin opened, very little bending occurred when the needle broke through the skin surface, and the vein could be reached without disturbing the intended puncture angle. This contributed to a high success rate for placement in the vein. The accident rate in clinical practice is reportedly approximately 20% and insertions are repeatedly carried out to position needle tip into vessel in the procedure. The complication risk become high when the needle penetrate a vessel. The manipulator stop the needle tip in the vessel or before the vessel. These result support that the system have certain advantage to prevent the risk of complication. Failures occurred at the stage before the needle reached the vein, during which stick-slip was visually confirmed between the needle sides and surrounding tissue (fat and muscle). The stick-slip phenomenon produces a wavelike rise and fall in reaction force, and it appears that the surgeon saw this waveform and mistook it as a sign of needle entry into the vein. This problem could be solved by determining the rough depth of the vein at the time of input of the vein travel line on the ultrasound image and activating the entry detection function when this depth is approached. We are planning to install such a feature on the system in the near future.
Puncture through unopened skin
Failure to enter the vein during skin breakthrough may have been caused by large deformations of the skin that led to insertion point errors and by bending of the needle that resulted in deviation from the anticipated insertion pathway. Solving this problem requires both the development of a highly rigid needle that does not bend during skin breakthrough and the testing of needle tips to determine which shape produces the lowest maximum puncture reaction force during skin breakthrough. This problem might also be solved by identifying puncture conditions that minimize skin deformation and needle bending.
Reaction force during needle insertion
Figures 9 and 10 shows that the several puncture events are designated by a peak in force after a steady rise, followed by a sharp decrease. These dataset explain that the tissues do not respond with a constant force when the needle punctures the tissue. Instead, the needle first pushes the tissue and then instantaneously punctures it. The decrease in the graph of Figures. 9 and 10 means that the needle punctured the several tissue (skin, fat, muscle, membrane, vessels etc.). In fact, the decrease of reaction force are observed before surgeon commanded to stop the needle. As discussed above, the stick-slip phenomenon produces a wavelike rise and fall in reaction force and it appears that the surgeon saw this waveform and mistook it as a sign of needle entry into the vein. We will develop the information technology to identify the needle ant tissue interaction situation using reaction force to solve these problem in future work. Figure 9 The relation between needle displacement and reaction force in the puncture through opened skin. Figure 10 The relation between needle displacement and reaction force in the puncture through unopened skin.
Conclusion
In an in vivo experiment conducted on a porcine, we evaluated the needle insertion manipulator developed in our previous research. The experimental results confirmed a high venous placement rate of 80% for puncture under the proposed conditions with the skin opened. Needle placement inside the vein was unsuccessful in one attempt, but this was because the surgeon stopped the needle in error in response to a sudden fall in reaction force before the vein was reached. This sudden fall could have been caused by stick-slip between the sides of the needle and the surrounding tissue. In the near future, we must therefore identify not only the conditions that facilitate needle placement in the vein, but also the puncture conditions that inhibit the stick-slip phenomenon, which is misinterpreted by the entry detection function. With the skin intact, the venous placement rate was 40%, which is clearly poorer than that when the skin is opened. The primary causes for this low success rate were deviation from the puncture point secondary to the effects of the skin and bending of the needle, which lead to a mismatch between the planned and actual puncture routes so that the needle missed the target vein. We must attempt to solve this problem by identifying the puncture conditions that can best minimize needle bending due to the presence of skin. As proof of this problem, the accident rate in clinical practice is reportedly approximately 20%. In summary, this study showed the effectiveness of using a puncture-assist manipulator for in vivo venous puncture in a porcine model with the skin opened.
